A hydro-environmental model investigated the consequences of closing a power plant. Model simulated water quality for three scenarios before and after closing the plant. Dilution scenario gave better water quality results than direct discharges scenario. Direct discharges scenario showed an increased stratification of the estuary waters.
A hydro-environmental model is used to investigate the effect of cessation of thermal discharges from a 22 power plant on the bathing water quality of Dublin Bay. Before closing down, cooling water from the 23 plant was mixed with sewage effluent prior to its discharge, creating a warmer, less-saline buoyant pol-24 lutant plume that adversely affects the water quality of Dublin Bay. The model, calibrated to data from 25 the period prior to the power-plant shut-down (Scenario1), assessed the water quality following its 26 shut-down under two scenarios; (i) Scenario2: continued abstraction of water to dilute sewage effluents 27 before discharge, and (ii) Scnenario3: sewage effluents are discharged directly into the Bay. Comparison 28 between scenarios was based on distribution of Escherichia coli (E. coli), a main bathing quality indicator. 29 Scenarios1 and 2, showed almost similar E. coli distribution patterns while Scenario3 displayed signifi- 30 cantly higher E. coli concentrations due to the increased stratification caused by the lack of prior dilution. Thermal discharges into marine waters may cause serious per-36 turbations in the natural marine environment. The change in the 37 temperature regime and the associated reduction in the saturation 38 levels of dissolved oxygen both adversely impact on aquatic and 39 benthic communities (e.g. Choi et al., 2012; Chuang et al., 2009; 40 Martinez- Arroyo et al., 2000; Syed Mohamed et al., 2010) . 41 Another major environmental consequence is the increased 42 stratification of receiving waters (e.g. Jiang et al., 2003; Kolluru 43 et al., 2003; Lowe et al., 2009; Wu et al., 2001) . These can pro- 44 foundly limit the assimilation of polluting discharges by prevent- 45 ing the mixing between the warmer upper levels and the cooler 46 water underneath. Moreover, if pollutants are added to the flow 47 with, or subsequent to, the thermal discharge the pollution will, 48 nearly invariably, remain in the upper, warmer layer (Ellis, 1989) . 49 The presence of pollutants in the discharged cooling water has 50 been reported in a number of studies (see Langford, 1990) . These 51 include chlorine (Fernandez Torres and Ruiz Bevia, 2012; Ma 52 et al., 1998; Marcos et al., 1997) , heavy metals (Abdul-Wahab 53 and Jupp, 2009; Baba et al., 2003; Gong et al., 2010) , and flue-gas 54 desulpherisation effluents (Liu et al., 2003; Mohsen, 2004; Van 55 Den Hende et al., 2011) . 56 Discharging municipal wastes to the same receiving waters may 57 considerably exacerbate the stratification. The fate and transport of 58 pollutants from sewage works into coastal waters is well-59 documented (e.g. Bouvy et al., 2008; Dhage et al., 2006; Mozetix 60 et al., 2008; Nicholson et al., 2011; Vijay et al., 2010) , however 61 there is a lack in literature on the interaction between municipal 62 sewage effluents and thermal discharges from power generation 63 plants, when both occur together, despite their importance as 64 highlighted by Bedri et al. (2011) (Hartnett 75 et al., 2011; Jovanovic et al., 2007) (ERU, 1992; Wilson et al., 2002) . 81 In 2010, the Poolbeg power generation plant was closed as part 82 of a competition agreement with the Irish Energy Regulators to 83 facilitate the introduction of additional energy providers to the 84 Irish market. As a result the thermal discharges into the estuary 85 have ceased and this is expected to alleviate the stress on the (ii) lack of long term data for the period after the Poolbeg plant 94 shutdown. Therefore there is a need to use a numerical model to 95 study the effect of the cessation of thermal discharges on the water 96 quality of Dublin Bay. 97 Numerical models have become valuable tools for studying the 98 effect of discharges into the marine environment. These models 99 vary in level of complexity and modelling approaches as they can 100 be length scale and entrainment models (e.g. Daviero and Roberts, 101 2006; Donker and Jirka, 2007; Frick et al., 2003; Jirka, 2004 Jirka, , 2006 or particle tracking models (e.g. Havens et al., 2010; Korotenko 103 et al., 2004; Miyake et al., 2009; Perianez and Caravaca, 2010) , or 104 hydrodynamic models (e.g. Casulli and Walters, 2000; Falconer, 105 1986; Hervouet, 2007; Lesser et al., 2004; Warren and Bach, 106 1992) . While the first two types are most suitable for representing 107 the mixing processes in the vicinity of the discharge outfalls (near-108 field), hydrodynamics models allow for accurate and robust repre-109 sentation of processes in both near-and far-fields regions of the 110 discharge outfalls. Hydrodynamic models can be two-dimensional 111 (depth-averaged) for well-mixed conditions (e.g. Abbaspour et al., 112 2005; Cea et al., 2011; Kashefipour et al., 2006) or three-dimen-113 sional where vertical mixing is absent/limited in the vicinity of 114 the outfall due to density variation (e.g. Bedri et al., 2011; Kolluru 115 et al., 2003; Liu et al., 2007; Signell et al., 2000) . Hence a three-116 dimensional hydrodynamic model is needed in the current case 117 study to represent the density-driven flow processes. 118 The three-dimensional model, TELEMAC-3D (EDF, 1997; Hervo-119 uet, 2007) , is used in this study to simulate the stratification status, 120 in the estuary before and after the power-plant shut-down, and its 121 subsequent effect on the transport and fate of pollutants. The mod-122 el was first calibrated based on measured hydrodynamic and water 123 quality data from the period before the cessation of thermal dis-124 charges (Scenario1). Then, the calibrated model is used to assess 125 the bathing water quality in the inner Bay for the period following The Liffey Estuary covers a wide area of 5 km 2 and is narrowed 150 down at its outlet by the North and South Walls. The Estuary is 151 macro-tidal (Dyer, 1973) having a mean tidal range of 2.75 m 152 and average mean spring and neap tides of 3.6 m and 1.9 m respec-153 tively (Mansfield, 1992) . 154 The main freshwater inflow into the Estuary is from the Liffey In the past, prior to the Poolbeg plant shut-down, a number of 187 ad hoc water quality surveys were conducted (e.g. Bedri, 2007; 188 Crisp, 1976; DCC, 2002 DCC, , 2003 Mansfield, 1992) been used in the current study to fine tune the vertical tempera-211 ture and salinity profiles to measurements; (5) the provision of a 
227 227 The values of temperature and salinity calculated for any point 255 in space or time are used to compute the water density at that 256 point using the state equation (Hervouet, 2007) : die-off of bacteria (e.g. Auer and Niehaus, 1993; Beaudeau et al., 273 2001; Chapra, 1997; Darakas, 2002; Kashefipour et al., 2002, 274 2006) has highlighted an interesting process-based first-order 275 kinetics formula developed by Mancini (1978) who integrated 276 the findings of a number of studies on the decay of coliform bacte-277 ria in both fresh and marine waters and included the effects of 278 temperature, salinity, and solar radiation (Crane and Moore, 1986) . 279 Mancini's formula was used in the current study to produce a 280 time-and space-dependent die-off rate (k) of E. coli: In this study, we compare two mixing length formula; the 361 Classical Prandtl (1925) cited in Hervouet (2007) A finite element mesh of the model domain ( Fig. 1) constituents with amplitudes greater than 10 mm (identi-408 fied from measurements at gauges in Dublin Bay as M 2 , S 2 , 409 N 2 , K 2 , K 1 , and O 1 ) were selected to drive the hydrodynamic 410 model (Hussey, 1996; Mansfield, 1992 In these simulations (Table 2) , the vertical turbulence model 454 and damping functions were subsequently varied to improve the 455 fit between the measured and simulated vertical profiles of tem-456 perature and salinity at S12 and S10 (Fig. 2) . All selected damping 457 functions have the structure of the Munk and Anderson formula 458 (Eqs. (9a) and (9b)). In all test cases (Table 2) Initially, a number of simulations were carried out using a range 466 of constant values of decay rate to test the E. coli model sensitivity. Nezu and Nakagawa (1993) Park and Kuo (1994) with calibrated parameters (m = n) and (B = b) 1.5 À0.5 0.035 1.5 À1.5 0.035 below. 494 The model replicated the measured velocity pattern at both sta-495 tions reasonably well (Fig. 3) . performed for each of the vertical turbulence schemes in Table 2 . 514 Measurements of depth profiles of temperature and salinity 515 (shown as points in Fig. 4) at locations S10 and S12 were taken 516 close to the time of low water where stratification is believed to 517 be greatest. These were taken at HW+6.9 and HW+6.5 h respec-518 tively and were repeated 1 h later (HW is the time of high water). 519 The measured temperature at the water surface was higher (and Fig. 4 . Measured and simulated temperature and salinity vertical profiles at S12 and S10 using different damping schemes. 520 the salinity lower) at location S12 than S10 due to being nearer the 521 discharge outfall.
522
TELEMAC-3D simulations in Fig. 4 show that the largest tem-523 perature and salinity gradients occur with the Viollet scheme (at 524 S10) and the Viollet and the Bowden & Hamilton (at S12). The The root mean squares of errors (RMSEs) were computed (Table   528 3) for each of the simulations to assess the goodness of fit of sim-529 ulated temperature and salinity profiles to measurements at S12 530 and S10. Both temperature and salinity profiles at S10 fitted the 531 measurements better than S12. This is reflected in the RMSE values 532 (Table 3) which are significantly higher at S12 than at S10. This is 533 perhaps due to the close proximity of S12 to the discharge weir, 534 therefore being in the zone of radial flow of effluents. This mixed 535 flow field may have caused a less-defined response compared to 536 S10 which is under the influence of unidirectional tidal flow into 537 the estuary.
538
The lowest values for RMSE at S12 were achieved by the Viollet 539 and Lehfelt and Bloss schemes while at S10, the Park has been observed at location M1 (Fig. 5a ). The comparison be- Table 3 Varying vertical turbulence models: Root Mean Squares of Errors (RMSEs) between measured and computed temperature and salinity at S12 and S10.
Simulation Station (sampling time) S12 S10
HW+6.9 h HW+7.9 h HW+6.5 h HW+7. Scenarios 1 and 2 in the Estuary and Inner Bay. This is due to the 595 minor effect of heat elimination from the cooling water in Scenario 596 2 on the water density ( Fig. 7) and therefore on the flow fields and 597 transported waste. 598 Scenario 3, which is the discharge strategy currently practiced 599 at Ringsend STW, shows considerably higher concentrations of E. 600 coli in the Estuary and Inner Bay in comparison to Scenarios 1 601 and 2 (Fig. 6 ) due to the absence of prior dilution. The effect of 602 the abstracted dilution water from the estuary was two-fold; (i) 603 it provided dilution to the effluent thus reducing the E. coli concen-604 trations discharged into the estuary, and (ii) it reduced the salinity 605 difference between the effluent and ambient water and hence 606 stratification which has a direct effect on the flow field. Therefore 607 the absence of dilution means a higher density difference in Sce-608 nario 3 compared to Scenarios 1 and 2 ( Fig. 7) which is subse-609 quently reflected on the flow field and a greater rate of delivery 610 of pollutants to the Inner Bay.
611
In terms of the water quality at the beaches, the mid flood stage 612 (Scenario 3) gives higher counts of E. coli at Dollymount Strand 613 than does the low water stage. This is because at the high water 614 levels during an incoming tide, there is a direct hydraulic connec-615 tion with the estuary over the North Wall (Fig. 2) which is sub-616 merged at flood stage. Also at the time of mid flood, E. coli 617 concentrations in the vicinity of Dollymount Strand were 250-618 500 cfu/100 ml (Scenario 3) which are the limits for excellent 619 and good quality standards of the EU Bathing Water Directive Fig. 7 . Density at the water surface at low water and mid flood stages of the tidal cycle.
